Background Early, accurate prediction of survival is central to management of patients with paracetamol-induced acute liver failure to identify those needing emergency liver transplantation. Current prognostic tools are confounded by recent improvements in outcome independent of emergency liver transplantation, and constrained by static binary outcome prediction. We aimed to develop a simple prognostic tool to refl ect current outcomes and generate a dynamic updated estimation of risk of death.
Introduction
Acute liver failure is a rare critical illness, and in many countries, including the UK, paracetamol-induced hepatotoxicity is its most frequent cause. 1, 2 The illness may follow a rapidly progressive course with severe hepatic necrosis quickly followed by the development of encephalopathy, multiple extrahepatic organ failures, and death. 3 However, the condition is one in which there is substantial variation in clinical course. In some patients, recovery with medical therapy alone might be possible despite severe multiple organ failure, whereas in others survival might be impossible without emergency liver transplantation. 4, 5 The early and accurate evaluation of expected prognosis is key to eff ective management, to enable successful transplantation in the narrow window of opportunity for those who will benefi t from it, and to avoid unnecessary surgery in those who will survive with medical therapy alone. Tools for prognostic evaluation are available, but their limitations are increasingly apparent. [6] [7] [8] Prognosis in paracetamol-induced acute liver failure is most commonly assessed using the King's College Criteria. The criteria were derived from the analysis of patients managed in a single centre between 1973 and 1987 and have been in use to select transplant candidates for more than two decades. 6 Poor prognosis criteria include an arterial pH of less than 7·3 after volume resuscitation, or the combined fi ndings of high-grade encephalopathy, creatinine of more than 300 μmol/L and international normalised ratio (INR) of 6.5 or higher occurring within a narrow timeframe. 6 Early metaanalysis of the diagnostic performance of the King's College Criteria in paracetamol-induced liver failure suggested high specifi city but more limited sensitivity; introduction of arterial blood lactate concentration as a supplemental marker was proposed to address this issue. [7] [8] [9] However, the increasing success of nontransplantation medical therapies alone is likely to have aff ected the performance of the King's College Criteria in patients with paracetamol-induced liver injury because substantial improvements in survival with medical care alone have been made for many causes of acute liver failure in the past three decades, particularly cases resulting from paracetamol-induced hepatotoxity. 3 These improvements in non-transplant outcomes have not been refl ected in changes in recognised indications for emergency liver transplantation.
Experience has also shown practical issues in the use of the King's College Criteria. The criteria were intended for use in a transplant centre and not early after presentation in the emergency room where intravenous fl uid resuscitation has not been undertaken and the eff ect of high blood levels of paracetamol might contribute to a reversible lactic acidosis. 10, 11 The criteria perform less accurately in accidental or intentional staggered overdoses of the drug than after single timepoint deliberate ingestions, and are diffi cult to interpret because their component variables might be confounded by alteration by medical interventions. 12 Since the criteria provide a binary outcome prediction rather than a continuum of risk, their application can also be diffi cult, and they do not address a key clinical question in wait listed patients who show signs of improvement-is it better to remove them from the list or to proceed with transplantation?
In exploring the development of a novel model for the prediction of death without transplantation in patients with paracetamol-induced acute liver failure, we sought to address the limitations of the present King's College Criteria. By studying more recent cohorts we hoped to refl ect the current outcomes of the illness and develop a model using readily available clinical variables and standardised defi nitions, with sequential assessment to detect changing prognosis over time. 13 Our objective was to develop a decision support tool that was simple to use and gave a continuous and updated estimation of risk of death rather than a static binary outcome prediction. We hoped to avoid the reference bias that might complicate studies of prognosis in acute liver failure by excluding patients who underwent transplantation, and to assess reproducibility and transportability by the use of several validation cohorts.
Methods

Study design and participants
In this study, we included patients with severe paracetamol-induced hepatotoxicity managed at four specialist liver transplantation intensive care units in the UK and Denmark. In all cases, a history of drug ingestion or detectable blood paracetamol was present, with the exclusion of other causes of acute liver injury. Other inclusion criteria were an INR of 1·5 or higher and absence of a history and clinical or radiological fi ndings of previous liver disease.
The primary derivation and initial internal validation test cohorts were derived from consecutive patients with severe paracetamol-induced hepatotoxicity who had not undergone transplantation and who were admitted
Research in context
Evidence before this study We searched PubMed and Medline with no date restrictions on June 1, 2015, with the terms "acute liver failure" and "fulminant hepatic failure" to identify studies and publications in addition to those familiar to the authors or cited by guidelines. Reference lists in identifi ed reports were also reviewed to further identify studies of relevance. We identifi ed three meta-analyses of prognostic criteria in acute liver failure, but most studies reporting survival outcomes were case series from single centres with small cohorts and open to reference bias. Available evidence suggests that survival of patients with paracetamol-induced acute liver failure managed with medical care alone has progressively increased over time, and that existing criteria used to select candidates for emergency liver transplantation might no longer be eff ective.
Added value of this study
This study presents novel criteria for the assessment of prognosis in paracetamol-induced acute liver failure, derived and validated in a large multicentre patient cohort. The models developed refl ect the current outcomes of the illness and use readily available clinical variables and standardised defi nitions, with sequential assessment to assess changing prognosis over time. For the fi rst time, the models enable individualised and updated survival predictions to be made and address key practical issues in relation to clinical use. 3 Briefl y, patients who developed encephalopathy at grade 3 or higher were intubated, sedated, and mechanically ventilated. Guided restoration of circulating volume was commenced immediately on admission and used invasive haemodynamic monitoring. Coagulopathy was not supported unless active haemorrhage was present. 15 Norepinephrine was the primary vasopressor used and dobutamine the primary ionotropic agent with adjunctive use of intravenous lowdose hydrocortisone and vasopressin. Renal replacement therapy used continuous veno-venous haemofi ltration. Indications for use of renal replacement therapy included not only those standard for patients with acute kidney injury with anuria but also for relative oliguria, metabolic stabilisation, and control of acidosis and hyperammonaemia. Sedation was achieved with fentanyl and propofol infusions, with rare use of paralysis. Treatment for intracranial pressure crises was with bolus intravenous mannitol, hypertonic saline, and increased sedation using thiopentone in refractory cases. Intravenous N-acetyl cysteine was administered to all patients with an infusion of 100 mg/kg every 24 h for a maximum of 5 days or until the INR was lower than 2.
Implications of all the available evidence
Datasets and statistical methods
The derivation and initial validation patient datasets were taken from the King's College Hospital Liver Intensive Therapy Unit clinical database in which demographic, physiological, and laboratory variables are prospectively collected daily for all patients by specialist audit nurses. These variables included those required for the Sequential Organ Failure Assessment (SOFA) and Acute Physiology and Chronic Health Evaluation scores (appendix p 1). Fewer than 1% of cases had missing values. We used standardised scores assessing level of consciousness and grade of encephalopathy using the Glasgow coma scale, and cardiovascular dysfunction by the SOFA cardiovascular component score (SOFA CVS; appendix p 2), with a score of 3 or more considered to represent cardiovascular failure. 3, 16, 17 The Glasgow coma scale score was assessed in patients who had not received sedative agents, and we used the lowest score before their administration, except if signs of intracranial hypertension were present, where a score of 3 was assigned.
3,18 Survival time was from date of admission to date of death. Continuous variables are summarised as mean (SD) or median (IQR) and categorical data as count (percentage). Student's t test, Mann-Whitney U, and Wilcoxon signedrank tests were used to test diff erences in continuous variables where appropriate, and the χ² test used for proportions. Multiple survival analyses were undertaken using Cox proportional hazards models to determine the prognostic and predictive value of demographic factors and clinical variables. All-cause mortality was the primary event studied and patients who underwent transplantation were excluded from model development and primary testing. Variable selection and model fi tting were conducted through backward stepwise regression based on p values. The model started with a range of clinical variables of important prognostic value suggested by literature review (appendix p 1), and then went through extensive backward stepwise model and variable selection process. The fi nal models consisted of variables most strongly associated with death in the multiple Cox proportional hazards regressions. The proportional hazards assumption for each covariate was tested using the scaled Schoenfeld residuals. The proportionality test showed that all the covariates followed the proportional hazards assumption (p>0·05).
To develop and validate the predictive survival models, we divided the King's College Hospital derivation set (n=350) and an initial validation set (n=150) with random case selection. Survival models using day 1 and day 2 were fi rst built from derivation dataset separately and then validated in the validation dataset. The performance and predictive accuracy of the models were assessed using receiver operating characteristic (ROC) analysis. The ROC curves and values were compared among diff erent models and also between derivation and validation stages. Model calibration was assessed comparing observed and predicted survival using root mean square error (RMSE). 19 All tests were two-tailed, and p values lower than 0·05 were considered statistically signifi cant. ROC values with 95% CIs for all the survival models and hazard ratios (HR) with 95% CIs for the chosen clinical variables were calculated. Statistical analyses were done with statistical software R, version 2.11.1, and SPSS, version 22.0.0. All data were fully de-identifi ed before exchange and analysis, and their use was approved by the Research Ethics Committee of King's College Hospital.
Role of the funding source
This study was supported by an unrestricted grant from the Foundation for Liver Research. The funding source had no role in study design, collection, analysis, or See Online for appendix interpretation of the data, or in the writing of the report. Authors had access to the raw data from their individual centres and WB and YW to all de-identifi ed datasets. The corresponding author had fi nal responsibility for the decision to submit for publication.
Results
We included 500 consecutive patients who had not undergone transplantation with severe paracetamolinduced hepatotoxicity admitted during the period 2000-12 to the Liver Intensive Therapy Unit at King's College Hospital in the primary derivation (n=350) and initial internal validation test cohorts (n=150 appendix p 4) . Exploration of models using data up to 7 days after admission did not show signifi cant improvements in model performance above the dynamic day 2 model (data not shown).
When applied to the derivation set, AUROC for prediction of death using the day 1 model was 0·95 (95% CI 0·91-0·99) at 7 days, 0·94 (0·90-0·97) at 15 days, and 0·92 (0·88-0·96) at 30 days, and for the dynamic day 2 model was 0·96 (0·93-1·0) at 7 days, 0·95 (0·91-0·98) at 15 days, and 0·93 (0·88-0·97) at 30 days (fi gure 1). Assessment of calibration using RMSE in prediction of 30-day survival gave values of 0·1123 for the day 1 model and 0·1317 for the dynamic day 2 model for the derivation set. 35 (23%) of the 150 patients in the initial validation set died during their hospital stay. Using the day 1 model, AUROC for the prediction of death was 0·93 (95% CI 0·86-1·00) at 7 days, 0·91 (0·85-0·96) at 15 days, and 0·89 (0·84-0·95) at 30 days, and with the dynamic day 2 model was 0·94 (0·88-1·0) at 7 days, 0·91 (0·86-0·96) at 15 days, and 0·90 (0·85-0·95) at 30 days (fi gure 2). Assessment of calibration using RMSE in prediction of 30-day survival gave values of 0·1642 using the day 1 model and 0·0626 for the day 2 model (fi gure 2). Based on the proposed survival models, individual survival curves were calculated and updated during the fi rst 2 days of intensive care unit admission (fi gure 3).
Characteristics of the four validation sets diff ered signifi cantly from one another and from the primary cohorts. Median age of the Danish patients was higher than that of the other cohorts, and the Birmingham cohort had more severe acidosis, lactate, and creatinine, more severe encephalopathy, and higher mortality than the other cohorts (table 2) . Overall, the day 1 single component variables were missing in 19 (5%) of 412 cases and day 2 variables in 141 (34%). Where day 2 INR and lactate variables were missing, values were categorised as showing no improvement.
AUROC and RMSE for the individual validation sets are shown in table 4. In the combined external validation sets, AUROC for 30-day survival was 0·91 (95% CI 0·87-0·94) for the day 1 model and 0·91 (0·88-0·95) for the day 2 model and RMSE was 0·079 for the day 1 model and 0·107 for the day 2 model (fi gure 4).
During the study periods of the derivation and validation sets, 116 patients underwent emergency liver transplantation: 84 at King's College Hospital, 23 at Queen Elizabeth Hospital, and eight at Edinburgh Royal Infi rmary. Comparison of admission variables of patients who died with those who underwent transplantation showed signifi cant diff erences, with patients who died being older and with higher arterial lactate concentrations, and lower Glasgow coma scores and INR values (appendix p 5). Using the day 1 model, median predicted 30-day survival for the cohort who underwent transplantation was 51% (95% CI 33-85), and in patients with severe hepatic encephalopathy (Glasgow coma score ≤9; n=70), predicted survival was 36% .
Discussion
We present the development and validation of highperformance statistical models to support decision making in the care of patients with paracetamol-induced acute liver failure. The models proposed show very good discrimination and calibration, confi rmed on application to several independent external validation datasets with patients with a range of illness severity, and show substantial promise as prognostic tools. We developed models both on (day 1) and after (day 2) admission because their combined use provides practical support for key clinical decisions not addressed by existing single time point prognostic criteria. In management of paracetamolinduced acute liver failure the fi rst 2 days are crucially important for the selection of transplant candidates; early prediction is required and is directly clinically relevant. 14 Experience has shown that the clinical condition of patients with paracetamol-induced liver failure might change rapidly after admission and initial therapy-with improvement in some patients and deterioration in others. The two-stage assessment of prognosis enables quantitation of this change, objectively reassessing prognosis in patients who show signs of improvement. Assessment of test performance showed both models to have high discrimination but importantly calibration was improved in the day 2 model. This sequential approach, derivation from recent patient cohorts, and use of novel important prognostic variables represent clear advances beyond the original King's College Criteria. There has been criticism in the statistical literature of the use of stepwise regression for model fi tting relating to its biases and suboptimal results. However, we used stepwise regression for its simplicity and in conjunction with expert opinion to decide which variables to include in the model. Our predictive models were robustly trained and validated on both internal and external datasets, which resulted in excellent model performance. Nevertheless, there are alternatives to stepwise regression, which include partial least squares regression and least absolute shrinkage and selection operator. These alternatives can overcome some of the shortcomings of stepwise regression, although they have their own limitations. 20 We will explore these novel methods in future research to further enhance the performance of our predictive models.
We chose to exclude patients who underwent emergency liver transplantation from model derivation and initial validation. Valid criticism can be made both of the inclusion or exclusion of patients who underwent transplantation in this process, and both have been used in the scientifi c literature. Our main concern was risk of reference bias in view of the drastic improvements in survival with medical management alone in patients with paracetamol-induced liver failure, and the possibility that detail of transplantation practice varied between centres. 3, 5 Although this approach could introduce changes in cohort composition, it is unlikely to have yielded a less unwell sample since, in key respects, those who later died were more severely ill. Predictions of a survival model derived in a population that did not undergo transplantation applied to one in which patients underwent transplantation should be interpreted with caution. However, this survival estimate is derived from the analysis of a population of patients with illness of the same cause, including cases that had similar acuity of illness and with a model that uses variables derived solely from the pre-transplant phase of illness.
When applying the day 1 model to patients who underwent transplantation during the study period, the median predicted survival was slightly more than 50% but fell to 36% when only those with severe encephalopathy were considered. These observations reinforce the key prognostic importance of development of hepatic encephalopathy and that transplantation should not be considered in the absence of high-grade encephalopathy. Importantly, a substantial proportion of patients who underwent transplantation might have survived with medical management alone. These fi ndings quantify the substantial improvements in survival independent of liver transplantation that have occurred over time, and suggest that transplantation as an intervention in paracetamol-induced acute liver failure requires comprehensive re-evaluation. 3, 21 In considering the application of these models in a clinical setting, limitations to their potential practical use should be assessed. In other critical illness scoring systems, use of individual patient outcome prediction has historically been with caution, because the primary purpose of most such scores was for group outcome assessment and quality assurance. [22] [23] [24] However, there is clear precedent within hepatology for use of scores, including Model for End-Stage Liver Disease (MELD), for individual decision making in relation to transplantation-and in the widely accepted use of the King's College Criteria and other poor prognosis criteria for selection of patients with acute liver failure for emergency liver transplantation. 24, 25 We see these models as tools to quantify the risk of death and support expert clinical judgment and decision making; experience in other areas of acute and critical care medicine suggests that combining an objective prognosis measure with a physician's clinical estimate results in the most accurate assessment of actual prognosis. 23, 26, 27 Further, the sequential assessment of our models provide is likely to be of benefi t because, in critically ill patients with and without liver disease, trends in illness severity provide additional prognostic value over single static determinations. 23, [28] [29] [30] Rather than considering a single timepoint survival estimate, transplantation wait listing decisions might best be made from observations of the dynamic course of the illness. An obvious issue is that of the threshold of estimated survival that should trigger addition of a patient to the waiting list; a fi gure of 25% demonstrated in recent reports of early transplantation for acute alcoholic hepatitis provides a useful parallel. 31 A website has been developed to use the new paracetamol prediction models in a form that is accessible and easy to use, and whose output will provide real-time estimates of expected survival, while accumulating a further prospective confi rmatory validation set.
In developing these models we deliberately chose not to rely on the reported timing of drug ingestion in our patient selection and survival modelling. In practice, this information is often inconsistent or unavailable and, in the case of overdoses, staggered over days, making defi nition of a specifi c timepoint of ingestion impossible. Even without reliance on this information, the model functioned well. However, it is important to recognise that these patients were assessed in liver transplantation centres usually days after drug ingestion, with established and clinically signifi cant hepatic necrosis and after receiving initial resuscitative measures at their receiving hospitals before transfer. Use of the models to predict survival in patients soon after overdose or at early after fi rst presentation has not been assessed.
These models were primarily designed to identify patients whose survival would be enhanced by emergency liver transplantation. However, identifi cation as having a poor prognosis does not necessarily mean that survival will be improved by liver transplantation. The models are designed to predict survival without transplantation but not survival after surgery, when factors not considered in our model are of prognostic importance. 32 In many cases contraindications to emergency liver transplantation might be present, and here the models might rather serve to guide patients and family members in the expected outcome of illness.
